The relevance of anatomical connectivity for understanding of the neural basis of language was recognized in the 19 th century, and yet this topic has only recently become the subject of wider research interest. In this paper, I review recent findings on white matter tracts implicated in language: the arcuate fasciculus, superior longitudinal fasciculus, extreme capsule, uncinate fasciculus, middle longitudinal fasciculus, inferior longitudinal fasciculus, and inferior fronto-occipital fasciculus. The reviewed findings on these tracts were reported in studies that used a variety of methods, from post-mortem dissection and diffusion imaging to intraoperative electrostimulation with awake surgery patients. The emerging picture suggests that there is currently no consensus with regard to the exact number and identity of the tracts supporting language, their origins, trajectories, and terminations, as well as their functional interpretation.
Introduction
By connecting gray matter brain areas, white matter (WM) fiber tracts contribute to the formation of networks that afford emergence of cognitive processes. The left hemisphere temporo-perisylvian language network is one among several large-scale neurocognitive networks that have been identi ed so far in the human brain, along with the prefrontal executive function network, the fronto-parietal spatial network, the limbic/paralimbic network supporting explicit memory and motivation, the inferior temporal network supporting face and object recognition [1] , and possibly the default mode network [2] . Large-scale networks consist of distant but interconnected local networks, which in turn are restricted to single cytoarchitectonic elds or adjacent areas [3] .
Insufficient insight into the anatomical connectivity of the human brain, relative to more rapidly growing knowledge on brain's functional connectivity, has been repeatedly pointed out in literature as a major limitation in the current understanding of neurocognitive networks [4, 5] . One reason for the still partial understanding of the brain's structural connectivity is the lack of powerful tools that would enable insights into the ne structure of
WM. Diffusion-Weighted Magnetic Resonance
Imaging (DW-MRI) is a recently-developed imaging method that allows noninvasive in vivo studying of the brain's structural connectivity [6] , complementing traditional research methods, such as post-mortem fiber dissection, histochemical tract-tracing, intraoperative electrostimulation, and conventional MRI [7] . Diffusion Tensor Imaging (DTI) provides an opportunity to study microstructural properties of WM by measuring the diffusion of water molecules within the tissue [8, 9] . Typically studied DTI measures that are thought to indicate WM integrity are fractional anisotropy which in particular recognized the role of the inferior parietal region in language [21, 22] . In recognition of Geschwind's contribution to the neuroanatomy of language, researchers working in this eld sometimes refer to the inferior parietal region as "Geschwind's territory" [23] .
With subsequent insights from studies involving brain-damaged patients and the advancement of neuroimaging, it has become clear that language is more distributed in the brain than previously thought [24] [25] [26] . Even Broca's historic patients Leborgne and Lelong, whose de ning lesions were typically described as affecting the posterior third of the left IFG, have been discussed in light of new evidence obtained by CT and MR imaging of their brains that revealed more extended lesions [27, 28] .
In general, aphasia has turned out to be more complex than originally assumed. Returning to conduction aphasia for illustration, we nd that lesions associated with this syndrome rarely affect only the AF [29] , damage to the AF does not necessarily cause the syndrome [30] , and that the syndrome may occur due to lesions in other brain areas, excluding the AF [21, 31] . Furthermore, while successful speech repetition has been associated with intact left AF, this particular tract was found to be completely missing bilaterally in patient S., who showed average sentence repetition ability and no conduction aphasia [32] . It appears that the anatomical and linguistic heterogeneity of conduction aphasia [33, 34] cannot be explained by the classical language 
The dual-stream model of language processing
Language is a higher cognitive function that brings together various processes, requiring executive resources and involvement of a range of brain areas. Language comprehension, for example, involves auditory/ visual word recognition, lexical and morphological processes, syntactic analysis or parsing, conceptual interpretation, referential processes, and so on [35] . The main processes involved in language production are conceptual processes, word selection and retrieval, sequencing at the sentence and word levels, articulation, and monitoring of speech output [25] . Being so complex, language is resource-demanding; for instance, a change in word order may require selective attention, whereas processes that heavily rely on temporary storage and manipulation of stored information, such as syntactic movement, may require additional working memory. Thus, researchers now focus on interactivity of anatomically distant brain areas that support various aspects of language functioning, rather than on functional specializations of isolated "language" areas [36] .
Building on Wernicke's speech processing model, which involved two processing pathways stemming from the auditory system, on the one hand, and considering the dual-stream models of visual [37] and auditory processing [38] , on the other, Hickok and Poeppel [39] [40] [41] The dual-stream model does not consider the contribution of WM to language processing. It uses terms "stream" and "pathway" to refer broadly to information ow rather than as speci c anatomical terms, which is common in functional neuroimaging studies [42] . In addition, recent fMRI findings on language comprehension and production indicate that an even more extended network of brain areas supports these functions [25, 26] . With these details in mind, we turn to the speci cs of WM tracts associated with the dorsal and ventral processing streams for language.
The dorsal stream: the superior longitudinal fasciculus ber system
The major ber tracts supporting the dorsal stream for language are the arcuate fasciculus (AF) and the superior longitudinal fasciculus (SLF). Although the term "arcuate fasciculus"
is often used interchangeably with the term "superior longitudinal fasciculus" in older literature, the former term has become associated with the bers originating from the temporal lobe, arching around the caudal part of the Sylvian ssure, and running to the frontal lobe, whereas the latter term has become associated with the bers originating at the parietal lobe and coursing in the white matter above the Sylvian ssure to the frontal lobe [44] . In addition to evidence based on post-mortem dissection, the tracts have been identified using DTI tractography [45, 46] .
In terms of volume, the SLF is a major association ber pathway in the human brain that interconnects frontal, temporal and parietal association areas. Due to its coursing through these regions, the SLF contributes to various associative and higher brain functions [47] . The tripartite model of SLF has been identified in the human brain using DTI.
Since this technique does not always allow reliable determination of the bers' origin and termination [52] , they are extrapolated from In this model, the AF is considered a separate tract, which is within the SLF system labelled as SLF IV: it interconnects the superior temporal and middle temporal gyri with frontal areas [47] . Like in the non-human primate model, it is assumed that these pathways are bidirectional in humans.
In a comparative DTI study involving 10 live human subjects, three post-mortem chimpanzee brains and two post-mortem macaque brains, a strong connection via the AF connecting frontal cortex of the left hemisphere with the ipsilateral MTG and ITG was found in the human brain, but it was much weaker in chimpanzees and was not found in macaques [53] . Lack of projections of the AF fibers to the middle and inferior temporal gyri in monkeys was con rmed in another comparative anatomy study using spherical deconvolution tractography [46] . These findings have been 
The ventral stream
Discrepancy of findings, which characterizes research on structural connectivity of the dorsal stream for language, also characterizes research on structural connectivity of the ventral stream.
Debates involve issues ranging from those on 
Extreme capsule
The EmC is a long association ber pathway, which is comparable in size to SLF II. In the monkey brain, it interconnects the superior temporal sulcus, superior temporal gyrus, supratemoral plane and insula with BAs 45, 47, and dorsolateral prefrontal cortex [66] .
It is located between the claustrum and the insula and separated by a thin layer of grey matter from the external capsule (EC), which is a strictly corticostriatal ber tract located between the claustrum and putamen. DTI studies with humans report that the major portion of the EmC runs between the inferior frontal gyrus and the middle-posterior portion of the superior temporal gyrus, with some reports suggesting that it reaches into the inferior parietal lobe [67] . Given the role of these areas in language, it has been suggested that the EmC may represent a core language pathway [66] [67] [68] [69] . However, the EmC is not always discernible from the external capsule when using DTI [70, 71] . A recently published DTI atlas of human white matter, for instance, cannot discern the EmC from the EC and claustrum because of the scanning resolution used in data acquisition [7] . Nevertheless, Makris and Pandya [67] demonstrated that DTI allows this tract's fibers to be distinguished from the neighboring ber bundles -the UF, the EC, the MdLF, the AF, the SLF II and III, and the ILF (Fig. 2) .
Drawing on previous findings indicating that the mid portion of the STG is associated with language, while its posterior portion supports processing of sound location in space, as well as on the previous ndings from their group [72] [69] , and contributes to auditory comprehension [68] . In addition to supporting semantics, the EmC appears to also support syntactic comprehension -together with the AF, but it is not implicated in syntactic production, which is supported by the AF [61] .
Uncinate fasciculus
The uncinate fasciculus (UF) is a hook-shaped WM association tract that connects the anterior temporal lobe with the orbito-frontal cortex.
In the monkey brain, it interconnects the most anterior part of the STG and the dorsal part of the temporal polar proisocortex with BAs 47/12, 13, the proisocortex of the orbital frontal cortex, and the medial prefrontal areas 25, 14, and 32 [48] . A DTI-based description of this tract in humans involves the frontal pole and orbital cortex as frontal lobe termination regions, and the temporal pole, uncus, hippocampal gyrus and amygdala as the temporal lobe termination regions [73] .
The role of the UF in language is not clear. The UF may support other aspects of
naming. An awake surgery study involving a patient with a tumor affecting the left insula, temporal stem and orbitofrontal cortex reported that intraoperative electrostimulation of the dominant UF during a picture naming task led to naming errors, verbal paraphasias (e.g., saying "fish" when naming a picture of a strawberry), and recurrent and continuous perseverations (unintentional repetition of the previous response instead of producing the target word) [78] . These errors suggest that the UF may support word production, retrieval of words from semantic memory, and inhibition of inappropriate words from short-term memory.
Further evidence on the role of the UF in language semantics comes from a combined lesion-based and DTI study with 76 righthanded brain-damaged patients, which reports signi cant associations between FA values in Figure 2a . 
Composite topographic comparison of trajectories of EmC shown in green and a set of other ber bundles on a T2-EPI left lateral pro le using DT-MRI tractography. Using DT-MRI tractography, we [Makris & Pandya, 2009] were able to di erentiate the EmC from other neighboring ber pathways, i.e., the MdLF, EC, UF, AF, SLF II, SLF III, and the ILF. EmC (shown in green) is located laterally to EC (shown in pink). These two ber pathways are separated by the claustrum, which is colored in dark blue and marked by a red asterisk. The claustrum was derived using the segmentation method (Filipek et al. 1994). The UF (shown in white) remains ventral to the EmC, whereas the AF (shown in black), SLF II (shown in turquoise) and SLF III (shown in blue) are located in a dorsal and lateral position with respect to the EmC. The ILF (shown in red) is situated in a ventral location in relation to the EmC.

Figure 2b. Four coronal sections (a-d) taken at two locations in the rostrocaudal dimension as indicated by arrows in a. The rostral arrow in a indicates the level of coronal sections a, b and c of b, whereas the caudal arrow in
Middle longitudinal fasciculus
The middle longitudinal fasciculus (MdLF) is a long association ber tract that has been described in the human brain only recently [72, 82] , and its structure and function are already under debate. Originally described as a connection between the superior temporal and inferior parietal regions in monkey [83] , this tract turned out to have similar, although more complex connectivity in the human brain [72] .
A DTI study involving 39 healthy adults showed that, in addition to the STG and AG, this tract's connections include the temporal pole, superior parietal lobe, supramarginal gyrus, precuneus, and the occipital lobe [82] . , and results from studies combining fMRI and DTI [68] as well as resting state-fMRI, DTI, and voxel-based lesion symptom mapping [86] indicate that the MdLF may be implicated in language comprehension. which is also called the "occipito-temporal fasciculus, " affected these patients' naming ability [91] . In contrast, another awake surgery study reported that direct electrostimulation of this tract resulted in semantic paraphasias in 13 patients [59] . Thus, the ILF may represent an indirect ventral route for language, as signals may further be transmitted from the temporal pole via the UF to the orbito-frontal cortex, and also because it appears to allow compensation by the direct ventral route, i.e. IFOF [81, 94] .
Inferior fronto-occipital fasciculus
The inferior fronto-occipital fasciculus (IFOF)
is a long association ber tract that connects the occipital and frontal lobes, and which also contains bers connecting the frontal lobe with the posterior parietal and temporal lobes [95] .
However, the existence of an uninterrupted connection between the occipital and frontal lobes running through the inferior temporal lobe in the human brain has been questioned, as this tract has not been identi ed in the monkey brain [96] . Nevertheless, evidence from the human brain obtained using in vivo virtual [46, 73, 79, 86, 97] and post-mortem Other possible contributions of the IFOF to language pertain to reading and writing [102] .
A DTI study with patient S., who missed the AF bilaterally, reported that the IFOF was intact in this patient [32] . Her reading deficit clearly 
Conclusion
Connectivity patterns in the brain contain important information on the functioning of intact and damaged brains [21] . Connectivity Moreover, a coherent framework for studying the neural basis of language that would systematically incorporate the contribution of WM to the language system is still missing [110] . In addition to the dorsal and ventral pathways for language, research on language WM has also recognized a visual language stream, a striatal-control stream and a motor stream [80, 81, 111] . Future efforts to expand knowledge on the language connectome need to include further investigation of these pathways. areas [114] . One is the operculo-premotor fasciculus, which is a bundle of U-shaped fibers that connects BA 44 with the premotor region. The other is the triangulo-orbitalis system, which contains U-shaped fibers connecting BA 45 and BA 47. Given the areas they connect, on the one hand, and the fact that these tracts have not been observed in the non-human brain on the other, their involvement in language seems plausible. Another study that combined fiber dissection and DTI tractography [115] also discerned frontal intralobar tracts with a possible role in language. More specifically, it identi ed an association ber tract connecting
BAs 44 and 45 with the lateral SFG, which was named Broca-lateral SFG tract. Finally, it has been proposed that the frontal aslant tract (FAT) also contributes to language. This tract connects BAs 6 and 44 in the inferior frontal gyrus with BAs 8 and 6 in the SFG [46] . However, anatomical descriptions of this tract's origin report different areas [111] . Using post-mortem blunt dissection and diffusion tractography based on spherical deconvolution, Catani et al. [116] determined that the FAT connects BA 44 and the anterior supplementary and presupplementary motor area of the SFG, and that some fibers reached BA 45 and the inferior part of the precentral gyrus (Fig. 3) .
Possible functional roles of the FAT in language include motor planning, vocalization, and speech [46] . For instance, this tract was compromised in patients with PPA, as indicated by changes in FA and number of streamlines.
Furthermore, these changes correlated with a verbal uency decline in the patient group [75] .
Crucially, verbal uency was assessed in this study on the basis of collected speech samples,
and not on letter-or category-cued fluency test. Thus, in addition to the dorsal and ventral language tracts, intralobar interconnectivity of frontal areas, i.e. the anterior system stemming from Broca's area, is emerging as also relevant for language (speech production).
Throughout this review, strengths and limitations of the methods used in the reported studies were also briefly discussed. Typically used tests are picture naming and counting, although repetition, reading and writing have also been tested in some studies.
These tests cannot assess the full scope of possible language impairment. In addition, intraoperative testing during awake surgery is normally performed with patients undergoing a tumor resection, which raises the possibility that language functionality may be affected by the brain's adapting to illness. Finally, intraoperative brain mapping is restricted to a surgical area, which precludes testing of the whole network [90] . Thus, to provide a better insight into anatomical connectivity of language, future research needs to rely more on using combined anatomical (DTI in vivo and post-mortem dissection) and functional (intraoperative subcortical stimulation)
methods.
